Abstract. Based on an agreement between the Ministry of Health and the National Space Activities Commission in Argentina, an integrated informatics platform for dengue risk using geospatial technology for the surveillance and prediction of risk areas for dengue fever has been designed. The task was focused on developing stratification based on environmental (historical and current), viral, social and entomological situation for >3,000 cities as part of a system. The platform, developed with open-source software with pattern design, following the European Space Agency standards for space informatics, delivers two products: a national risk map consisting of point vectors for each city/town/locality and an approximate 50 m resolution urban risk map modelling the risk inside selected high-risk cities. The operative system, architecture and tools used in the development are described, including a detailed list of end users' requirements. Additionally, an algorithm based on bibliography and landscape epidemiology concepts is presented and discussed. The system, in operation since September 2011, is capable of continuously improving the algorithms producing improved risk stratifications without a complete set of inputs. The platform was specifically developed for surveillance of dengue fever as this disease has reemerged in Argentina but the aim is to widen the scope to include also other relevant vector-borne diseases such as chagas, malaria and leishmaniasis as well as other countries belonging to south region of Latin America.
Introduction
Dengue, including dengue fever, dengue hemorrhagic fever and dengue shock syndrome, is a leading emerging tropical disease, considered of high importance not only in terms of morbidity and mortality but also due to its economic impact (Martinez Torres, 2008) . The disease infects between 50 and 100 million individuals each year and is responsible for over 500,000 hospital admissions per year. An average of 22,000 people dies annually because of the disease, thus three times exceeding the mortality of influenza AH1N1 in 2009. The causative agent is a mosquito-borne flavivirus (family: Flaviviridae), transmitted to humans by the bite of Aedes aegypti, the main vector in South America. There are four different virus serotypes (DEN 1, 2, 3, 4) , and infection with any of them results in flulike symptoms providing specific protection against that serotype but only partial immunity against the others. A second infection with another serotype triggers the more serious hemorrhagic form of the disease (Estrada-Franco and Craing, 1995) .
Multiple environmental factors, including biophysical and social ones, constitute a complex web that determines the spread of vector-borne diseases (Tauil, 2001; Hales et al., 2002) . While demographic, anthropogenic and bioclimatic factors act specifically on the insect populations, the weather conditions influence their spatio-temporal distribution (Micieli and Campos, 2003) . During the first half of the 20 th century, Ae. aegypti was distributed both in northern and central Argentinean provinces but the mosquito was eliminated in 1963 (Bejarano, 1968; Carcavallo and Martínez, 1968) due to a successful campaign carried out by the Ministry of Health (MoH) in Argentina in collaboration with the Pan American Health Organization (PAHO), forerunner of the World Health Organization (WHO). However, it was reintroduced in Brazil in 1975 (Schatzmayr, 2000) and later also in Argentina. The re-infestation of Ae. aegypti was discovered in 1986 in the Misiones and Formosa provinces (Carbajo et al., 2001) , expanding southward (Santa Rosa, La Pampa province) (Rossi et al., 2006) and westward (Guaymallén, Mendoza province) (Domínguez et al., 2000) . In the first half of 2009, an epidemic of dengue of serotype 1 occurred in the Salta and Jujuy provinces, then spreading to the East and South reaching the 35º parallel. It resulted in 25,989 confirmed cases in total in the country (Ministerio de Salud de la Nación, 2010), but only 1,706 new dengue cases were reported in the following year (Ministerio de Salud de la Nación, 2011) indicating that this dengue outbreak was over. On the other hand, the increased challenge for the health authorities at this time coincided with strong development and increased accessibility of geospatial technology offering the opportunity to link remote sensing and the need for health information.
In the last 10 years, progress have been made on the epidemiology of dengue and other diseases depending on vector-borne diseases such as malaria, leishmaniasis and Argentinean hemorrhagic fever thanks to the interdisciplinary landscape epidemiology concept, which aims to produce predictive risk models based on landscape elements in addition to field data (Tran et al., 2004; Porcasi et al., 2005 Porcasi et al., , 2006 Salomón et al., 2006; Arboleda et al., 2009 ). This pioneering work was developed by applying space technology to epidemiological problems carried out in USA and Europe (Beck et al., 2000; Hay, 2000; Ostfeld et al., 2005) . Due to the success of landscape epidemiology, it seemed adequate to implement these ideas into operative projects, useful to health authorities and researchers alike. This challenge has moved the development of the health application project (HAP) forward and we present an early warning system (EWS) based on geospatial technology in an interdisciplinary and inter-institutional context. The platform was developed using Open Source Software (OSS) (Tokar et al., 2011; Ullah and Khan, 2011) in order to obtain a low-cost product with respect to pattern design and object-oriented concepts (Booch, 1998; Shuang and Peng, 2009 ). The European Space Agency standards for space informatics projects (ESA, 2011) were followed at all stages of the development.
The present work describes the design and implementation of the dengue risk stratification system (DRS) at the national and the urban levels, aiming at supporting the strategic surveillance activities of the MoH.
Materials and methods
As a consequence of the stated user requirements (Box 1), the system was designed to generate two final products and a suite of intermediate subproducts as 
Architecture of the informatics platform
Requirements specification, system design description and interface definition were undertaken during the development of the system. The software was developed under the standards of the European Space Agency (ESA, 2011) . Since the operability would be facilitated if it is configurable and can be maintainable over time, the architecture of our HAP system is modular, versatile and flexible consisting of five subsystems as shown in Figure 1 .
The data translation (DT) subsystem receives data uploaded by users in spreadsheet format, e.g. Exel, and is responsible for validation and conversion of data into extensible markup language (XML) format, which remain available for future queries. It consists of three units: (i) the Uploader Web Interface unit provides the graphical user interface in order to upload the spreadsheet to the server and it is also responsible for the management of user messages; (ii) the Xls2xml unit is in charge of format conversion, creating and storing files from standard xls format of excel spreadsheets into XML format; and (iii) the Translators units, whose main function is to verify and store the data uploaded by the user. The algorithm executor (AE) subsystem is in charge of managing the execution of algorithms and it consists of: (i) The Algorithm Execution Manager unit, which executes each algorithm according to a set of predefined control rules (in XML format) in order to generate each product posted on the HAP server. It saves its output in the SD subsystem. (ii) The xmlParser unit, which prepares the input data for each algorithm from XML files generated from data entered by users. For each algorithm, there is a Process_i unit executing it. Hence, to update a given product, or to add a new one, means only to update or to add one unit to the system. Each unit is robust, in the sense that the corresponding algorithm can be executed even in the case the input data set is not complete. The mathematical models are written in algorithms that can be developed by different researchers and even be programmed in different languages. In order to provide uniform interfaces to the system (in terms of inputs and outputs) we adopted the "wrapper" concept, in which each algorithm is encapsulated in a unit.
The spatial data (SD) subsystem is in charge of storing and managing the output data of the DT and AE subsystems. It stores data in XML and GeoTIFF format.
The visualization (VZ) subsystem presents the results to the user via the Internet (web-based). It has functions that allow querying, navigation, exploration and printing the products (e.g. maps) posted on the server via the GeoServer. It provides various base layers, e.g. from Google, OpenLayersGoogle or Bing.
The alarm trigger (AT) subsystem should be executed when an emergency event occurs. This subsystem is so far only defined, not yet implemented. It consists of two units: (i) the Emergency Manager unit, which allows modification of the rules of the Algorithm Execution Manager unit, for example the algorithm execution frequency; and (ii) the Emergency Interface unit that presents a graphical interface to the authorized user in order to trigger the emergency event. 
Design concepts and implemented technologies
The system presented here was conceived using both design patterns concepts and object-oriented programming (based on open-source tools). Application of design patterns provides an efficient way to create a more flexible, elegant and reusable object-oriented software, being a pre-requirement to define suitable objects, to create its classes and to define the inheritance hierarchies and the interfaces, while taking into account its interrelations (Booch, 1998; Ullah and Khan, 2011) .
As mentioned above, we used the GeoServer map server, which is an open-source server (in Java format) that allows users both to view and edit geospatial data. Users can access visible data layers through this geographic data management unit. GeoServer uses standards set forth by the Open Geospatial Consortium (OGC; http://www.opengeospatial.org/) allowing a great flexibility in map creation and data sharing. Due to the implementation of Web Feature Service (WFS), Web Coverage Service (WCS) and Web Map Service (WMS) protocols, GeoServer can create maps in a variety of output formats (such as TIFF or vector layers).
GeoExplorer, an open-source web application for composing and publishing maps, was adopted in order to get a proper visualization of the spatial data. It assembles maps from GeoServer and integrates with hosted maps such as Google Maps and/or OpenStreetMap. It edits map styling information graphically, embeds composed maps in any web page and outputs them in PDF format. GeoExplorer is based on the GeoExt JavaScript libraries and is built using GXP components (http://gxp.opengeo.org/master/doc/). Communications between GeoServer and GeoExplorer are obtained via the WMS and WFS protocols.
To upload the spreadsheet, a graphical interface was implemented using the Google Web Toolkit (GWT) that allowed us to create and compile AJAX applications in JavaScript. GWT is a set of opensource development tools used for building and optimizing complex browser-based applications. As seen above in the system architecture section, the SD subsystem validates saves and sends the spreadsheet by e-mail. These functions were implemented by a Web Service, for which the Web Services Description Language (WSDL) forms the basis. Briefly, a Web Service Consumer performs validation of input data and then sends the form using the service-oriented architecture protocol (SOAP) (a set of principles for designing and developing software in the form of interoperable services) to the Web Service Provider, which performs all the validation logic of the data from the national epidemiological spreadsheet based on the Spring Web Services (http://static.springsource.org/spring-ws/sites/2.0/). A WSD contract, defining the message format, data types, transport protocols, etc. and containing the semantics and exchange mechanism between provider and consumer, is finally established between the consumer and the provider to ensure correct data validation.
User input risk components
As stated above, in addition to the environmental component, there are three other components, based on information that health agents/users at the provincial level, which should be uploaded (via an Excel file) to the system. If no data are uploaded by a given locality, a flag is added to the map annotating "No uploaded data" for that location. Each of the components summarises different aspects suggested for dengue risk evaluation (OPS, 1995): (i) "Ac Control" is the block characterizing the locality regarding to mosquito populations control actions that are developed periodically. It evaluates both (a) periodicity and (b) personal affected by the control activities; (ii) "Vi Viral" circulation is the component related with the present and historical autochthonous circulation of virus in the given locality. It evaluates (a) method of syndrome surveillance, (b) autochthonous transmission, (c) population fluxes, (d) population density and (f) border proximity; and (iii) "Ve Entomological" considers the present presence of the vector at the given locality. It evaluates (a) certified presence of Ae. aegypti, (b) entomological indexes (LIRAa) and (c) the percentage of houses with water supply. These components were evaluated by local health agents, scored for risk from 1 (lowest) to 4 (highest) and combined with the environmental risk (described in next section) according to eq. 1 in order to obtain the final dengue virus risk where a higher figure represents a higher risk.
Algorithms and process running at Algorithm Executor in the HAP system

Risk algorithm at the national level description
The total risk of dengue virus circulation is calculated at each locality, in base of four complementary components, as follows:
where V e is the entomological component, V i the viral one, V amb the environmental one and A c the component related to the control activities undertaken. Whilst each one of these component has values from 1 to 4, the final result is classified by a four colored point vector layer as low, medium, high and very high risk, respectively.
Environmental component (V amb )
The environmental risk is the geometric average of two parts: (i) the bio-geographical macro-conditions determining the presence of the vector (considered stationary or not time dependent); and (ii) a component involving both, the dynamical development of vector's population and the viral cycle length, which are basically temperature-dependant.
The vector-presence probability sub-component
We applied ecological modelling ideas in order to calculate the probability of presence of the dengue vector using historical environmental variables and vector species presence localization data. We used 451 Argentine sites of Ae. aegypti presence from the literature (Vezzani and Carbajo, 2009 ) and updated it with data from the MoH related to the 2009 dengue outbreak. In addition, we used 461 sites pseudo-absences. The environmental historical data set consists of 18 variables in raster format having a 1 km pixel size (see auxiliary list for data access). For the generation of vector presence probability maps we used two different approaches and their geometric means as a final operative result. The first methodology was the Maximum Entropy method based on the MaxEnt 3.3.3a software (Phillips et al., 2006) , reserving 25% of the presence points for validation and carried out 10 repetitions. The second methodology was to perform logistic regression (Martínez-Freiría et al., 2008) , using SPSS17.0 based on the Wald forward stepwise method with a cut on 0.6 and 20 iterations, in which we included all the significant variables (P <0.05). As shown in Fig. 2 , similar results were obtained applying both methodologies showing the higher probability of presence in rainforest regions progressively decreasing southward until latitude 41° South. Areas where the mosquito presence is zero have a null risk of dengue virus circulation. Measurement accuracy, the area under the curve (AUC) in receiver operating characteristic (ROC) analysis, scored 0.81 for MaxEnt and 0.73 for the logistic regression maps. 
Vector and virus cycle component risk
Following Focks et al. (1993a, b) , we estimated this risk component as proportional to the number of viral extrinsic incubation periods (EIP) completed in each locality. EIP and mosquito lifespan are basically functions of the daily mean temperature. It is similar to the approach applied by Carbajo et al. (2001) , but we updated the EIP dynamically as a function of temperature within the framework of an operative system. Due to both the spatial coverage (more than 3,000 Argentinean localities) and the required temporal resolution, we used the land surface temperature (LST) data from MODIS onboard the Terra and Aqua satellites, which made it possible to estimate the LST with an error about 1 centigrade. This approach has been used with reasonable good results in epidemiological studies (Tatem et al., 2004) . The Ae. aegypti life cycle is driven by environmental factors, mainly the temperature. For example, a range of 0 °C to 40 °C has been reported as adequate for mosquito survival (Carbajo et al., 2001 ). Based on that, our simplified model starts in the cold season and takes into account one year of data, simulating a new mosquito life cycle when the temperature (according to MODIS) is greater than 16 °C (assuming the minimum temperature for that day could be 5 °C lower) and when the mosquitoes reach the mature stage, EIP duration is calculated. The sequence of the mosquito dynamic simulation can be summed up as follows: (i) temperature evaluation (>16 °C is required to start the simulation); (ii) day-degree calculation (suitable days are cumulated in terms of day-degrees for the mosquito to become adult); (iii) calculation of completed EIPs (using Focks et al. (1993a, b) , the percentage of completed EIPs is calculated daily and, assuming a mean mosquito life time of 20 days, that percentage is added to previous days to evaluate if the corresponding EIP was completed); and (iv) counting the number of completed EIPs however the cycle is reset (starts again at step a) each time the temperature falls below 5 °C to ensure that only completed cycles are counted. Following this rule along one-year time series, the number of viral cycles is calculated at each pixel. For example, the application of the above algorithm to localities in northern Argentina (subtropical) in a typical year yields about 16 completed cycles; meanwhile in the centre of our country (temperate) only about 11 cycles are completed. After normalization, this raster layer is added to the vector presence component to generate the "environmental risk stratification" vector layer for each locality of Argentina. This product could be updated monthly but in an operative regime it is calculated twice a year. The result for 2010 is presented in Fig. 3 , where it can be seen that almost all the localities in the country are able to develop at least one EIP cycle. The environmental risk stratification resulting from eq. 2 is shown in Fig. 4 .
Risk stratification at the urban level
The objective of this product is to produce dengue risk cartography at the urban level, following the landscape epidemiology ideas that have been explored previously (Rotela et al., 2007 (Rotela et al., , 2010 (Rotela et al., , 2011 Estallo et al., 2008) . The basic risk concept was formulated as:
The inputs in this model are: (i) high-resolution (if available) or medium-resolution remotely sensed images with urban cartography (streets, parks, distances to bus stations, cemeteries and schools); (ii) LST; (iii) socio-economic conditions according to the latest national census (INDEC, 2001) ; (iv) percent of domiciliary water (Water%) and waste collection service (Waste%); and (v) population density and signs of overcrowding. Also vector field data as larval indexes (by LIRAa for example), vector control actions and location of cases are included as inputs. Fig. 5 show the conceptual sketch of the implemented model. In it, the Threat is modelled by two factors, viral circulation (V C ) (if available) and putative Ae. aegypti habitats (P h ) (Rotela et al., 2007) . P h attempts to predict urban areas with more probability of vector presence are calculated as follows:
Putative habitat estimation
If mosquito field data are available, a linear regression is performed using the equation where variables have been previously normalized to range from 0 to 1. In case of vector data being limited to only a small part of the city, both methodologies are applied. Remotely sensed data were used to generate a land cover classification with the following informational classes: Bare soil, low vegetation (grass), high vegetation (trees), urban buildings, and other (the last one includes crops). Using a 200 m 2 kernel and this land cover classification, we obtained two raster products of particular interest: the most frequent and the second most frequent cover class (in a 100 m radius neighbourhood that represents the Ag. aegypti active flying distance (discussed in Otero et al., 2008 to be between 100 and 200 m) surrounding each pixel. In order to find an initial approach to risk due to land cover, a decision tree based on a previous paper on environmental characterization of the Ae. aegypti positive breeding sites (Rotela et al., 2010) was applied Besides potential habitat, a density map based on positives human cases will be included for the "Threat" sub-product estimation. Spatial analysis of these cases is also planned as a possible sub-product of urban risk maps.
Vulnerability
Vulnerability (V) is modelled as the mean of a set of standardized variables obtained from the national census (e.g. overcrowding and population density) and from cartography by the following equation:
where D BS and D S are the distance to bus stations and to schools, respectively, O V the overcrowding index and P D the population density. The Puerto Iguazú dengue risk, presented in Fig. 6 was calculated considering "Threat" equal to Ae. aegypti putative habitat, because of the lack of individual geo-referenced cases. The resulting final risk map is spatially heterogeneous, and the overlay of located cases is shown in Fig. 7 . This heterogeneity is generated by the optical and thermal input data. Because Iguazú is a growing city, some areas in the south-east have not been censed yet (revealed as linear edges and colour changes). The peri-urban area is changing and there exists a progressive cover replacement from rain forest to crops or inhabited areas showing low risk. On the other hand, the downtown area has a higher risk due to edification, surface temperature and population density. This methodology is in process to be automated but is still manual. At present, 48 localities have been uploaded for the set of input data to create the national-scale risk level for dengue (Fig. 8a) . Figure 8b presents the system working at the urban scale showing a risk map overlayed onto Google Earth. For the urban level the risk has continuous values, whereas at the national level it has four discrete values. Red colour represents high risk at both levels.
Discussion
The modular design of the DRS informatics platform allows operational flexibility and enables the visualization of intermediate products of the risk assessment process evaluating different aspects of vector control and surveillance activities in detail. The general architecture makes the platform applicable for risk mapping of many different vector-borne diseases. In addition, it does not require professional specialization and provides thus a userfriendly tool for all endusers and decion makers.
A similar client-server design has been proposed for a schistosomiasis EWS in China (Yang et al., 2012) . Delayed response and expensive software were mentioned by Yang et al. (2012) as obstacles for a fully GIS-based EWS application in epidemiology. Reliance on open-source technologies is therefore important as it guarantees that time and cost is reasonable. In our particular case, initial system requirements (Box 1) were supported by the MoH and the design, implementation and maintanance of the platform was developed in collaboration with the National Space Activities Commission in Argentina (CONAE) (http://www.conae.gov.ar/principal.html). This design envisages a continuous upgrade of the biologic algorithms on specific processing units. Figs. 8a and 8b show screenshots of the running system, where operational functionalities such as zoom, distance measurement, layers selections and overlays (including Google Earth layers) can be seen. Internet and spatial visuali- This operative system is based on user requirements that were stated after several meetings between health decision makers at both the national and provincial levels. It was agreed that the system should: (i) be able to support both multiple diseases and multiple scales of risk; (ii) estimate the risk stratification by applying a multifactor approach at the national level for all the localities; (iii) also produce risk cartography at the urban level; (iv) facilitate decision making; (v) update environmental conditions based on remotely sensed data; (vi) integrate information such as viral circulation, urbanization, entomological field data and population parameters; (vii) be expandable in order to cover others regional countries without significant change; (viii) make information and maps accessible via the Internet (SIG Web based user interface); (ix) be developed at low cost (open-source preferable); (x) be free of charge for all end users; (xi) be operative (running) steadily by an expected life time of >5 years; (xii) be user friendly in order to interact with non-informatic specalist staff in the provinces; and (xiii) aim at eventually involve the whole country. Box 1. User requirements and products.
(a) (b) zation technologies are being considered widely as a powerful tool for epidemiological surveillance.
The modelling incorporated in the system, both for the national and urban levels, reflects epidemiological considerations of field data and daily experiences with the aim of including those inputs and risk factors that are truly available at the operational level. As discussed by Kitron et al. (2006) , fine-scale resolution data can provide detailed information on the processes driving disease clustering allowing control programmes to target disease sources more efficiently. However, decision making at the MoH often takes place on a coarser resolution, both at the spatial and the temporal levels. That duality justifies the use of national as well as urban analysis. Besides, the system combines landscape epidemiology concepts and research on vector-borne diseases, in this case dengue, supported by research experience in Latin America and new evidence (Porcasi et al., , 2006 Salomón et al., 2006; Rotela et al., 2007 Rotela et al., , 2010 . At the urban level, different risk factors were studied and the relations between mosquito presence and human cases seem to vary from place to place. Specifically in South America, approaches including social and environmental variables including remote sensing (Flauzino et al., 2009; Marcelhas and Rodrigues, 2011) allowing the possibility of presenting a model based on suggestions by experts and data availability. The results of the specific models implemented at both levels, agree reasonably well with the sets of field data available, but more accurate tests are planned with the inclusion of current data of entomological indices and human cases.
The system is robust in the sense that it can produce risk stratification even if the complete set of input data is not available. CONAE provides remote sensing data, e.g. land cover and LST, which are updated at different frequencies according to the algorithm used, those data ensures a minimal risk map output. In order to improve accuracy, the system has the possibility of continuous algorithm upgrading. Besides that, spatial analysis of both vector presence and human cases are already under development in order to determine spatio-temporal changes in dengue incidence as proposed by Khormi et al. (2011) .
Together with the DRS system implementation, training activities were conducted in different regions of the country. These activities combined DRS specific use with a revision of epidemiological standard indexes and actions suggested by the MoH going along with health policies oriented to standardize measures for dengue risk in the country. Because of the open-access architecture and easy visualization, the tool brings a direct feedback of the epidemiologic data from (or to) the localities of interest. As users are responsible for part of the input data, this feedback encourages data collection and sharing of basic field information with the health system. It also allows evaluation of endusers with regard to operation of the system; local authorities can evaluate local risk as well as that of the immediate surrounding areas, including the national risk.
At the present time, 48 localities are sharing this system and the number should increase during this year. It is also being used by the MoH, where it was positively received and suggested to be expanded to include countries in the region (Mercosur). Although several aspects of the system could (and will) be improved, we believe strongly in its operational usefulness based on the interesting work that landscape epidemiology has offered.
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